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Introduction
Cytokines play a key role in host response to infection, inflammation, and trauma [1] . The measurement of cytokines and other inflammatory mediators in human blood and cell culture samples can provide valuable information about in vivo immune status [2] and in vitro biological processes. Different methodologies such as enzyme-linked immunosorbent assay (ELISA), multiplex bead array assays (MBAA), and microarray are currently available for the detection and quantitation of these inflammatory mediators.
ELISA is the most widely used method for measuring a single cytokine [3] and has become the current "gold standard" in biomedical research and clinical laboratory testing [3] [4] . However, ELISA only measures one analyte at a time from each sample and the assay is time consuming and costly. Furthermore, the dynamic range of ELISA-based assays is narrower than that of other technologies such as multiplex assays. Sample dilution is often required for the assay and consequently creates variations of cytokine level between the neat samples and diluted samples [3] . Based on our experience, any variation in operator, pipetting or washing technique, incubation time, and temperature can generate different values between assays. We have used ELISA techniques to detect changes of the pro-inflammatory cytokines interleukin-6 (IL-6) and IL-8 in the apical washing fluids and culture medium in an in vitro air-liquid interface Calu-3 cell culture model [5] - [7] . In these studies, 280 µl of apical surface fluid was collected from 8 transwell inserts for each experimental condition, which was sufficient for the detection of one or two cytokines only. Although IL-6 and IL-8 play important roles in the initiation and propagation of the inflammatory cascade and pulmonary injury [8] , the process of inflammatory responses to stimuli is complex and highly interactive [9] , usually with multiple cytokines involved. Measurement of multiple cytokines simultaneously in the same sample would provide better evaluation of the complexity and dynamic nature of inflammatory response [3] .
Recent developments in cytokine quantification techniques include the use of multiplex assays to measure large numbers of analytes simultaneously in a small amount of sample. The concept of multiplex bead array assays (MBAA) was first introduced by Horan and Wheeless in 1977 [10] . MBAA simultaneously measures multiple analytes in a single run of the assay, provides more information in small volumes of sample, and saves both money and time compared to traditional ELISA. MBAA also detects analytes in a broad dynamic range of concentrations [3] .
Numerous investigators have compared ELISA with MBAA [3] [4] [11] [12] . Jager et al. found that cytokine multiplex assays were comparable in sensitivity, accuracy, and reproducibility to ELISAs for the same analytes in culture supernatant of human peripheral blood mononuclear cells [13] . In a vaccine antibody testing study, Pickering et al. observed strong correlations between the Luminex multi-analyte assays and ELISAs for quantitation of IgG antibodies to Haemophilus influenza type b polysaccharide and the toxoids of Clostridium tetani and Corynebacterium diphtheriae [12] .
In the present study, PASMC served as an in vitro model of pulmonary hypertension (PH) to evaluate the inflammatory responses of PASMC during oxidative and biophysical stress. Previous studies have demonstrated that inflammation contributes to pulmonary vascular remodeling and the development of PH [14] [15] . PASMC are the most numerous cell types in the vessel wall and play a critical role in vascular remodeling in PH, particularly in response to both oxidative and biophysical stress. In a previous study, fetal pulmonary artery smooth muscle cells exposed to short term high concentration oxygen resulted in significant changes in critical cellular signaling pathways and activated phosphodiesterase 5, demonstrating potential oxygen toxicity [16] . Humbert et al. found elevated proinflammatory cytokines, such as IL-1 beta and IL-6 in serum of patients with primary pulmonary hypertension [17] .
Although most published studies have shown good correlation between ELISA and multiplex methods [4] , side by side comparisons of the two technologies are limited. Using this in vitro model, we designed a study to compare ELISA and Luminex techniques side by side. We hypothesized that ELISA and Luminex techniques are comparable in detecting cytokines, specifically IL-6 and IL-8, in culture medium.
Materials and Methods
Clonetics™ pulmonary artery smooth muscle cell systems (Lonza, Carlsbad, CA) were cultured in temperature and pressure controlled air-tight chambers and exposed to 21% FiO 2 at atmospheric pressure (control), 21% 
PASMC Cell Culture Model
Proliferating Clonetics™ pulmonary artery smooth muscle cell systems and reagents were purchased from Lonza (Carlsbad, CA). PASMC were cultured in a humidified incubator maintained at 37˚C and 5% CO 2 . Clonetics™ SmGM™-2 Smooth Muscle Growth Medium-2 was supplemented with 5% fetal bovine serum, 1 µl/ml human epidermal growth factor, 1 µl/ml insulin, 2 µl/ml human fibroblast growth factor-B, 1 µl/ml Gentamicin Sulfate and Amphotericin-B-1000. Cells were grown in 75 cm 2 tissue culture flasks and split when 90% confluent. PASMC in fifth or sixth passage were plated at a density of 10,000 cells/cm 2 onto Corning ® CellBIND ® six well plates (9.5 cm 2 Cell Growth Area, Corning ® CellBIND ® Surface; Corning, Tewksbury, MA) and the medium was changed every other day. When the cells reached 80% confluence, two plates were exposed to 21% FiO 2 at atmospheric pressure as control. Remaining four plates were placed in modified modular incubator chambers (MIC-101; Billups-Rothenberg, Del Mar, CA, Figure 1 ) and exposed to one of two conditions: 21% FiO 2 and PIP of 24 cm H 2 O and PEEP of 8 cm H 2 O (21% FiO 2 -24/8cmH 2 O) or 95% FiO 2 at atmospheric pressure (95% FiO 2 ). A gas impermeable Mylar sheet of 1 mm thickness separated the chamber into an upper and lower compartment. The modular incubator chamber was then sealed and the O-ring and the Mylar sheet were compressed by a stainless steel ring clamp. To achieve the experimental condition of 21% FiO 2 -24/8cmH 2 O, gas from an air compressor was delivered to the upper compartment of the modified modular incubator chambers via a positive pressure ventilator at a rate of 60 cycles per minute with PIP of 24 cm H 2 O and PEEP of 8 cm H 2 O and a flow rate of 10 L/min. A PEEP valve was connected with the outlet of the lower compartment of the chamber to maintain the desired PEEP. The pressure was transmitted across the Mylar sheet to the lower compartment, which housed the plated cells. Gas containing 21% FiO 2 (FiO 2 = 21%, FiCO 2 = 5%, balance nitrogen) was passed through a bubble type humidifier and flushed into the lower compartment of the chamber for 24 hours at a flow rate of 1 L/min. The entire chamber was then placed in the incubator. To achieve the experimental condition of 95% FiO 2 , the gas from 95% FiO 2 tank (FiO 2 = 95%, FiCO 2 = 5%) was warmed and humidified with a MR 730 respiratory humidifier (Fisher & Paykel Healthcare, Laguna Hills, CA) and then flushed through the airtight chamber for 30 min at a flow rate of 10 L/min. The chamber was disconnected from the gas source, sealed and placed in the incubator for 24 hours [18] . For all conditions, chamber oxygen levels were monitored with an oxygen analyzer (MAXO 2 ) (OM-25AE: Maxtec, Inc., Salt Lake City, UT) and the pressure was confirmed by a Rüsch pressure monometer (Teleflexmedical, Duluth, GA) (Figure 1 and Figure 2) . At 24 hours, culture medium (n = 6 per condition) was collected for cytokine assay.
Enzyme-Linked Immunosorbent Assay (ELISA)
The levels of IL-6 and IL-8 were measured by quantitative ELISA using human IL-6 and IL- roxidase (HRP) was used as detection antibody. Stabilized chromagen-hydrogen peroxide served as substrate. The optical density of each well was determined using a microplate reader set to 450 nm within 30 minutes. Quantitative results were calculated from the standard curve using linear regression analysis. Medium samples used in the assay were appropriately diluted. All standards and samples were assayed in duplicate. The test sensitivity for respective immunoassays was as follows: IL-6 (0.7 pg/ml) and IL-8 (7.5 pg/ml). The assay range for respective immunoassays was as follows: IL-6 (3.12 -300 pg/ml) and IL-8 (31.2 -2000 pg/ml). Inter-assay and intra-assay coefficients of variance are <10%.
Multiplex Bead Array Assays (MBAA)
The medium samples were also assayed for IL-6 and IL-8 with a Luminex 200 analyzer (Luminex Corporation, Austin, TX) using the Cytokine Human 25-Plex Panel (Invitrogen, Life Technologies Corporation, Frederick, MD), which was specifically designed for quantifying human cytokines and chemokines in serum, plasma, and tissue culture supernatant for as many as 25 different analytes simultaneously. This kit was a multiplex bead and solid phase immunoassay utilizing specific antibody conjugated microspheres for the detection and quantitation of target proteins by flow cytometric analysis. Each microsphere set specific for an analyte was manufactured with a distinct combination of internal fluorescent red and infrared dye. Multiple bead sets may be combined for the detection of up to 100 different analytes per sample. The Luminex instrument used a red laser (635 nm) to excite the detector and measure fluorescence and side scatter to categorize the bead set location on a "bead map". The subsequent reporter dye was excited by a green laser (532 nm) and median fluorescence was recorded for the assay result. The amount of surface fluorescence of the reported dye was related to the cytokine concentration of the sample. Quantitative results were determined from the standard curve using the logistic 4-parameter curve fit software. To compare data obtained by ELISA, Human Cytokine 25-Plex Panel values were multiplied by multiplication factors that the manufacturer recommended. The multiplication factors for respective cytokines were as follows: IL-6 (2.10) and IL-8 (0.15). The analytic range for the multiplex assay is 10.78 -7860 pg/ml.
Statistical Analysis
Statistical analysis was performed using GraphPad Prism version 5.0 for Windows (GraphPad, San Diego, CA) and Statistical Package of the Social Sciences (SPSS, Version 22) Software. All data were expressed as mean ± SEM. One-way ANOVA was run across different treatments at 24 hours for IL-6 and IL-8 data and post hoc analyses were done using Bonferroni comparisons. The values of IL-6 and IL-8 obtained by ELISA and Luminex techniques were compared using paired t-test (one-tailed). p values less than 0.05 were considered statistically significant. At least 6 samples were used for each group. A comparative analysis of agreement between ELISA and Luminex data was detailed for control and stress conditions using the Bland-Altman plot analysis with GraphPad Prism version 5.
Results
IL-6 concentrations analyzed by ELISA and Luminex from the culture medium of PASMCs exposed to 21% FiO 2 , 21% FiO 2 -24/8cmH 2 O, or 95% FiO 2 are presented in Figure 3 . For ELISA measurement, secretion of IL-6 in the 21% FiO 2 -24/8cmH 2 O group was greater than 21% FiO 2 group at 24 hrs (p < 0.001), with no significant difference between 95% FiO 2 and 21% FiO 2 -24/8cmH 2 O (p > 0.05). IL-6 level in 95% FiO 2 group was greater than that of 21% FiO 2 group, but the difference was not statistically significant. For Luminex measurement, the trend of IL-6 for all three groups was similar to the ELISA results, but there were no significant differences among groups (p > 0.05).
IL-8 concentrations are presented in 
Discussion
In the current study, we measured the levels of IL-6 and IL-8 using ELISA and Luminex techniques in culture medium of PASMC exposed to oxidative and biophysical stress. Our results demonstrated that trends for IL-6 and IL-8 levels correlated between ELISA and Luminex techniques. The Bland-Altman analysis showed that ELISA and Luminex techniques are interchangeable in detecting cytokines. Primary PASMC system from Lonza contains normal human pulmonary artery smooth muscle cells and has been employed as an in vitro cell culture model in vascular pathology and cardiovascular pharmaceutical research [19] . When PASMC are cultured in six well plates, inflammatory mediators are secreted into the culture medium. This mimics the release of inflammatory mediators into the blood in vivo, and the levels of inflammatory mediators in medium should reflect the circulating levels of the inflammatory mediators. The Luminex measurement of inflammatory mediators in culture medium has not been validated against ELISA side by side. Validation of Luminex measurement will allow assessment of inflammatory mediators in patients for clinical use to accurately evaluate disease processes [4] and response to therapy.
In this study, each assay resulted in comparable increased levels of IL-6 and IL-8 in response to hyperoxia and positive pressure stress as compared to control conditions. For Luminex measurement, the trend of IL-6 and IL-8 for all three groups was similar to the ELISA results. The values of IL-8 in Luminex measurement were significantly lower than those in ELISA measurement.
In analyzing values over all conditions, the Bland-Altman analysis demonstrated that 95% of the differences between ELISA and Luminex values were within ±1.96 SD from the mean difference indicated by the 95% limits of agreement for the measurements of IL-6 and IL-8. There was no systematic bias as a function of inflammation level. The limits of agreement for IL-6 and IL-8 were small enough to be confident that Luminex can be used in place of ELISA.
The multiplex bead assay is advantageous for its ability to test multiple targets from a single sample. However, it is important to consider the dynamic range of the assay when choosing a method for analysis. The narrow dynamic range of ELISA makes this method advantageous for detecting low levels of cytokines. The broad analytic range of the multiplex assay is more favorable for measuring higher expression level of cytokines. However, it should be considered that a large panel of analytes does not ensure absolute results for each cytokine in the panel; the possibility exists that one or more analytes will fall outside the analytic range of a particular assay for cytokines. This would require retest on diluted sample for high outliers and alternate testing for low outliers. Furthermore, it has been reported that cytokine values may vary among kits from different manufacturers and quantitative techniques and the kits from the same supplier should be used to compare the absolute values for ELISA and Luminex measurements [12] [20] . Therefore, it is important to realize that absolute cytokine value results obtained by different methods might not be the same, but the trend of the values among experiment groups are comparable.
Conclusion
In conclusion, in this cell culture model, ELISA and Luminex are comparable in detecting the levels of IL-6 and IL-8 in the culture medium over a wide range of stress induced inflammation. If measurements of multiple cytokines are demanded and the amount of sample is limited, Luminex multi-analyte profiling technology is accurate and sensitive. Also, this approach may be more efficient and economic for large sample studies.
